Dielectric spectroscopy is employed to analyze the molecular dynamics and the charge transport in mixtures of zwitterionic polymers of the type polyj3-[AT-(co-methacryloyloxyalkyl)-A r ) A'-dimethylammonio]propanesulfonate) with sodium iodide in the frequency range of 10 2 Hz-10 7
Introduction
Dielectric spectroscopy is one of the well established techniques in polymer science for studying molecular dynamics. The sensors in the determination of the molecular dynamics are the molecular dipoles. In polymer blends and block copolymers, relaxation processes become broadened in comparison to homogeneous systems. This can be used as a dielectrically determined miscibility criterium 1 '. In electrically conducting polymers, the frequency dependence and the temperature dependence of the complex dielectric function enable conclusions on the mechanisms of charge transport 2 '. a)
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One of the most characteristic properties of electrical conduction in disordered solids is the strong dispersion of the conductivity. The electrical characteristics of ionically conducting materials are often studied by ac techniques to avoid the necessity of developing non-blocking ion-conducting electrodes which would be needed for dc measurements. At low frequencies a constant conductivity is observed, while at higher frequencies the conductivity becomes frequency dependent, varying approximately as a power of the frequency. The increase in conductivity usually continues up to phonon frequencies. This behaviour is found in ionenes 2, 3 ' and cationic polymer glasses 4 ', solid solution of betaine phosphate and betaine phosphite molecular crystals 5 ' or amorphous semiconductors 6 '.
To describe the frequency and temperature dependences of the complex conductivity, a variety of mathematical approaches have been proposed emphasizing the power-law behaviour of o'(a>) which is regarded as fundamental 79 '. The most studied models for ac conduction in disordered solids are the hopping models 1015 '. However, a physical interpretation of these approaches is non-existent. It is still not clear which model for ac conduction is correct [16] [17] [18] ' and to what extent Coulomb interactions are important.
A particularly interesting case is given for zwitterionic polymers [19] [20] [21] '. In such polymers, all ions are fixed to the polymer, and thus low-molecular-weight counterions are missing. As each macromolecule bears the same number of cationic and anionic groups, the individual macromolecules are uncharged in spite of the high concentration of ionic groups present. The high density in dipolar units results in a number of specific properties of polyzwitterions 22 ': very high glass transition temperatures, strong polarity and hygroscopy. Furthermore, these polymers are strongly interacting with low-molecular-weight cations and anions, both in solution and in bulk. In selected cases, these interactions enable the preparation of homogeneous mixtures of polyzwitterions with inorganic salts containing up to stoechiometric amounts of the salt. This behaviour was recently demonstrated for a number of zwitterionic poly(sulfobetaines) blended with LiC10 4 , NaBr or Nal 19 ' 20,23 • 24 " 27) . Phase segregation is only observed in mixtures containing more than 125 mol-% of salt.
The dynamic and, in particular, the dielectric properties of zwitterionic polymers and their conductivity have been scarcely explored up to now 23 ' 28 ' 26-30 '. Here, the frequency and temperature dependence of the dielectric functions of some poly(3-[A r -(<w-methacryloyloxyalkyl)-7V,Af-dimethylammonio]propanesulfonate)s and of some of their blends with Nal are measured by broadband dielectric spectroscopy. These studies allow one to investigate the underlying mechanisms of charge transport and the influence of the concentration of the inorganic salt on this process.
Experimental part
The synthesis of monomers and polymers, and the preparation of the blends with inorganic salts, have been described previously 24 '. All measurements were made below the calorimetric glass transition temperature, which is higher than the decomposition temperature of the polymers of ca. 473 K.
For the dielectric measurements, polymers films were placed between two gold plated stainless steel electrodes (diameter: 20 mm) that were pressed together by a micrometer screw. The polymer films with different Nal contents and with a thickness ranging between 40 |im and 80 um were cast directly from 2 mL 1:1 (v/v) mixtures of 2,2,2-trifluoroethanol with water. To provide good contact with the upper electrode of the sample condenser, a graphite foil (16 mm diameter) was placed on top of the polymer film. For the dielectric measurements (10 2 -10 7 Hz), an impedance analyser (HP 4192A) was employed. The measurement system used a custom-made cryostat, which allowed to adjust the sample temperature between 100 K and 400 K by using a temperaturecontrolled nitrogen gas jet (stability ±0,02 K). The sample temperature was measured with a platinum temperature sensor mounted in one of the condenser plates (temperature resolution ±0,01 K). Prior to the measurements, the samples were dried in a nitrogen gas jet at 400 K until the resistivity reached a stable level.
Results and discussion
To elucidate the influence of inorganic salt concentration on the dielectric properties and conductivity in ionic side-chain polymers, we have studied several In polymers P2 and P3, the ionic groups are separated from the polymer backbone by long alkyl spacers (m = 6 and 11). In contrast, in polymer PI the ionic groups are attached closely to the backbone (m = 2). Hence, the comparison of the polymethacrylates with different spacers allows one to investigate the influence of the location of the 'betaine groups oh the relaxation process and conductivity.
The dielectric properties of the salt-polyzwitterion mixtures are characterized by the superposition of a strong conductivity contribution and a dielectric relaxation process. Thus the analysis of the spectra has to be based on both the complex conductivity a*{w) -(fUo) + i <t"(co) and the complex dielectric function e*(a>) = e'(co) + i e"(a>), which are related to each other by:
For elevated temperatures (> 243 K), the frequency dependence and the temperature dependence of the complex dielectric function (Fig. 1 a, b ) are dominated by a strong conductivity contribution. This gives rise to a steep increase in e" with decreasing (Fig. lb) . The fact that e' shows a similar frequency and temperature dependence as well proves that the charge carriers involved in charge transport are primarly of ionic origin, and hence cause a pronounced electrode polarization. This was also observed in glassy ionenes 2) and epoxide-amine addition polymers 4 '. At lower temperatures (< 243 K) one relaxation process occurs which was covered at high temperatures by the conductivity contribution. The maximum of e" shifts to higher frequencies with increasing temperature. To separate these two processes, the experimental data can be quantitatively analysed by a superposition of the conductivity contribution and the relaxation process. For the latter the generalized relaxation function according to Havriliak-Negami 3,) is used
where a 0 is a strongly temperature-dependent factor describing the dc conductivity, a is a constant with values between 0,5 and 1 being, characteristic for hopping conduction 10 ', e s and £" describe the values of e' at the low frequency and high frequency side of the relaxation, respectively, and a and y are constants that determine the width and asymmetry of the relaxation time distribution. Fig. 2 shows the conductivity and the relaxation contributions to e" separated according to Eq. (2). Fit parameters for the relaxation contribution to the dielectric loss s" for salt-zwitterionic mixtures are shown in Tab. 1. The parameters or and y, describing the relaxation time distribution, are nearly independent of the salt concentration. The relaxation process depends sensitively on the length of the spacer between the betaine group and the polymer backbone. The process is shifted to higher temperature ( Fig. 3) with P3 < P2 < PI, i.e., with decreasing length of the alkyl spacer. In contrast, the amount of Nal added has only a negligible influence on this relaxation process (Fig. 4) . The observed Arrhenius-type temperature dependence has an activation energy of E A = 47 kJ/mol. In that value and in its absolute frequency and temperature dependence it is comparable to the yrelaxation observed in ionene glasses by mechanical 32~34) and dielectric 2 ' spectroscopy. The y-relaxation is assigned to fluctuations of the methylene groups which are transmitted to some extent to the polar ammonium group, which makes this relaxation dielectrically active. The strong dependence on the length of the spacer fits well into this interpretation.
The influence of the amount of salt added to the polymers on the dielectric function was studied for the polymer P3. This polymer is known to form a poorly ordered lamellar superstructure due to microphase separation of the zwitterionic and the alkyl fragments 20 ' 2 molar mixtures of P3 with Nal are homogeneous according to X-ray scattering studies, but mixtures containing 150 mol-% of Nal exhibit the presence of phase-separated excess Nal 24) . While the pure polymer P3 is stable upto about 483 K, mixtures with Nal start to decompose already at much lower temperatures of above 453 K due to the strong nucleophilicity of the iodide anion 24 '. Fig. 5 shows the complex dielectric function e* (a>) as a function of frequency for different concentrations of Nal added. The real e' and imaginary e" parts of the dielectric function exhibit a gradual increase with increasing salt concentration and the increasing contribution of the conductivity. The increase of e' is caused by electrode polarization of the ionic charge carriers.
To analyse the extent of the electrode polarization effect, an Argand representation of the complex impedance Z is used (Fig. 6) , Z = Z' + i Z", with
2 )) (3 a)
where C 0 is the capacitance of the empty condenser. Fig. 6 shows decreasing real Z' and imaginary Z" parts of the complex impedance with increasing salt concentration and increasing deviations on the low frequency side with increasing Nal concentration. This effect becomes more pronounced with increasing both temperature and salt concentration, and hence increasing mobility and effective number density of the charge carriers 35 '. The frequency and temperature dependence of the conductivity (Fig. 7) of the saltpolyzwitterion mixtures is characterized quantitatively by the following features: (i) The conductivity increases with increasing frequency and temperature; (ii) for high temperatures, the conductivity is almost constant at low frequencies but increases rapidly at a certain critical frequency cu c ; (iii) this critical frequency shifts to lower values with decreasing temperature; (iv) above this critical frequency, the conductivity is proportional to a> s with 0,7 < s < 1; (v) the exponent s increases as the temperature decreases, approximating 1; (vi) the conductivity increases with increasing Nal concentration (Fig. 8a) , showing a frequency dependence similar to the observed temperature dependence; (vii) for the imaginary part of the conductivity (Fig. 8 b) , a power law behaviour is found, with deviations on the low frequency side which are caused by electrode polarization effects.
Among the vast number of theoretical treatments 6~l8) of charge transport in disordered solids, the random free-energy barrier model for ac conduction by Dyre"~u ) is probably worked out best. This model assumes that conduction takes place by hopping, where the hopping charge carriers are subject to spatially randomly varying energy barriers. The model is solved in the continuous time random walk approximation (CTRW). In a disordered material where charge transport takes place between localized states, the energy-level difference as well as the spatial distance can vary from site to site. In the CTRW theory, the transport is assumed to take place on a regular lattice. The disorder is taken into account by a distribution of waiting times between successive jumps. The real part of the conductivity in the random free-energy barrier model solved within CTRW approximation is given by u) :
where the dc conductivity a 0 and the time T (which will be interpreted later) are fit parameters. The fit describes well the observed frequency, temperature and salt concentration dependences (Fig. 7, 8 a) . Eq. (4) has the character of a master equation, because its frequency dependence normalized with respect to T occurs only within the rectangular brackets. To verify whether the data follow this scaling behaviour, the measured conductivity is normalised at each temperature resp. salt concentration by the fit parameter a 0 and plotted against the frequency normalised with respect to the fit parameter r. For both the temperature (Fig. 9a) and salt concentration (Fig. 9b) dependence, a scaling according to Eq. (4) is observed within experimental accuracy.
A pronounced Arrhenius-type temperature dependence is observed for the fit parameters cr 0 and T (Tab. 2, Fig. 10a, b) . The product of a 0 r however is temperature independent within the limits of experimental accuracy (Tab. 3, Fig. 11) . A fixed proportionality exists between the inverse relaxation time 1 /T and the critical frequency ai s which marks the onset of dispersion of the conductivity versus frequency (Tab. 4). Hence, from the constancy of a 0 z the proportionality between a 0 and co s follows. This is the well known BNN relation according to Barton, Nakajima and Namikawa 36-38 '. It reflects the fact that dc and ac conduction both occur by the same mechanism.
With decreasing temperature the frequency expontent s increases from almost 0,74 at T = 396 K to about 1 at T = 346 K (Fig. 12) . The parameter 5 decreases with increasing salt concentration. For cor > 1 the exponent s is given by the expression 111 5=1-2/ln (cor)
For 10 2 < cot < 10 16 the model predicts exponents between 0,62 and 0,95 n> . Since 5 -»1 as cor -> oo, the model thus predicts s -»1 as T~* 0, which is in agreement with the data. 
Conclusions
The dielectric properties of mixtures of the inorganic salt Nal and a polyzwitterion were measured in the frequency range from 10 2 Hz to 10 7 Hz and at temperatures between 110 K and 400 K for different salt concentrations (0 mol-%, 100 mol-%, 200 mol-%). Besides a dominating conductivity contribution one relaxation process is observed. It is assigned to fluctuations of the quaternary ammonium in the side group (y-relaxation) and depends in its dynamics sensitively on the length of the aliphatic spacer between the acrylate main chain and the betaine group. The ion concentration has a negligible influence on this relaxation process. The conductivity contribution can be quantitatively understood in its frequency, temperature and ion concentration dependence by hopping of charge carriers in a random free-energy barrier model. For the critical frequency (marking the onset of dispersion of the conductivity versus frequency) and the dc conductivity, a proportionality is observed according to the Barton-Nakajima-Namikawa (BNN) relationship.
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